We discuss several new observations of mesons with open charm. In particular, we consider D sJ (2317) and D sJ (2460) and compare their isospin violating decays into D ( * ) s π to the radiative decays analysed using light-cone QCD sum rules. The results support the interpretation of these two mesons as ordinary cs states.
Introduction
Starting from 2003, charm spectroscopy has entered a new era, due to a series of intriguing observations both in the open and in the hidden charm sectors [1] . Some of the newly observed states can be easily classified within the quark model scheme, some others still wait for a proper identification. Here we focus on mesons with charm and strangeness, in particular on the narrow states D sJ (2317) and D sJ (2460), observed in 2003, and on the states D sJ (2860) and D sJ (2710), discovered in 2006 and in 2007, respectively. As a preliminary step, we introduce a suitable classification of mesons with a single heavy quark which can be derived in the infinite heavy quark mass limit, exploiting the symmetries of QCD in such a limit.
Hadrons with a Single Heavy Quark
In the infinite heavy quark mass limit, m Q → ∞, the QCD Lagrangian is invariant under heavy quark spin and flavour rotations, and an effective theory can be built, known as Heavy Quark Effective Theory (HQET) [2] .
Let us consider hadrons with a single heavy quark Q. When m Q → ∞, Q acts as a static colour source for the light degrees of freedom (ldf) of the hadron. In the case of mesons, considered here, ldf consist of the light antiquark q and gluons. In particular, the heavy quark spin s Q is no more coupled to the ldf total angular momentum s ℓ , given by s ℓ = s q + ℓ, where s q is the light antiquark spin and ℓ its orbital angular momentum with respect to Q. Therefore, a heavy hadron can be labelled not only according to its total spin J = s Q + s ℓ , but also to the value of s ℓ . An important consequence is that states which differ only for the orientation of s Q with respect to s ℓ are expected to be * fulvia.defazio@ba.infn.it degenerate, and this allows to collect heavy mesons in doublets, the members of which have the same value of s ℓ and correspond to the two possible orientations of s Q with respect to s ℓ . Finite heavy quark mass corrections remove the degeneracy between the members of a doublet and induce a mixing between states with the same spin-parity J P belonging to different doublets.
Let us consider the lowest doublets that can be built according to this classification. For ℓ = 0 one has a doublet of states (P, P * ) with J P s ℓ = (0 − , 1 − ) 1/2 (we refer to this as to the fundamental doublet), while two doublets correspond to ℓ = 1: (P * 0 , P ′ 1 ) with J P s ℓ = (0 + , 1 + ) 1/2 and (P 1 , P *
2 ) with J P s ℓ = (1 + , 2 + ) 3/2 . For the purposes of this paper, we need to introduce also the two doublets corresponding to ℓ = 2: J P s ℓ = (1 − , 2 − ) 3/2 and J P s ℓ = (2 − , 3 − ) 5/2 . For each doublet, one can consider a tower of states corresponding to the radial excitations.
In the heavy quark limit one can predict whether these states are narrow or broad. For example, strong decays of the states belonging to the J P s ℓ = (1 + , 2 + ) 3/2 doublet to the fundamental doublet with the emission of a light pseudoscalar meson occur in d-wave. Since the rate for this process is proportional to | p| 5 (in general, to | p| 2ℓ+1 , p being the light pseudoscalar momentum and l the angular momentum transferred in the decay), these states are expected to be narrow. On the contrary, states belonging to the J P s ℓ = (0 + , 1 + ) 1/2 doublet decay in s-wave, hence they should be broad.
Experimental data collected up to 2003 show that heavy mesons fit very well in this scheme, as can be argued looking at the experimental values of masses and widths: the degeneracy condition is better fulfilled by beauty mesons than by charmed ones, as should be, the b quark being approximately three times heavier than charm. As for the widths, in Table 1 we collect masses and widths of the cū states identified as the members of the J [3] . In the following, we analyse the other mesons with charm and strangeness recently observed. In April 2003 the BaBar Collaboration reported the observation of a narrow peak in the D s π 0 invariant mass distribution with mass close to 2.32 GeV and width consistent with the experimental resolution [4] . The resonance, named D sJ (2317), was observed in both the φπ + and
s γ and D s γγ was found. The observation was confirmed by Belle [5] , CLEO [6] and Focus Collaboration [7] . 
Being two states with J P = (0 + , 1 + ) their natural interpretation would be as the components of the doublet with s
+ . However, this interpretation raises several questions. The first one stems from the comparison with potential model predictions of the masses, which correspond to larger values, above the threshold allowing isospin conserving decays (DK and D * K in the two cases). The second one is that the members of the s 
involve the the hadronic parameters d, g 1 , g 2 and g 3 (ε(λ) is the photon polarization vector andη(λ ′ ), η(λ ′′ ) the D * s and D ′ s1 polarization vectors). Such parameters can be computed by light-cone sum rules [10] . Considering the correlation functions [11, 12] 
of quark-antiquark currents J A,B having the same quantum number of the decaying and of the produced charmed mesons, and an external photon state of momentum q and helicity λ, and expanding on the light-cone, it is possible to express F in terms of the perturbative photon coupling to the strange and charm quarks, together with the contributions of the photon emission from the soft s quark, expressed as photon matrix elements of increasing twist [13] , see fig.1 . The hadronic representation of the correlation function involves the contribution of the lowest-lying resonances, the current-vacuum matrix elements of which are computed by the same method [14] , and a continuum of states treated invoking global quark-hadron duality. The final step of the method consists in applying to both the representations of the correlation function a Borel transformation, which improves in several respects the sum rule while introducing an external parameter M 2 . The hadronic quantities should be independent of it, so that the final results are found requiring stability against variations of M 
Figure 1: Leading contributions to the correlation functions eq. (2) expanded on the light-cone: perturbative photon emission by the strange and charm quark ((a,b) in the first line) and two-and three-particle photon distribution amplitudes (second line); (c) corresponds to the strange quark condensate contribution.
In Table 2 the light-cone QCD sum rule results are collected together with the results of other methods [9, 8, 15] . Looking at this Table one can see that the rate of D sJ (2460) → D s γ is the largest one among the radiative D sJ (2460) rates, and this is confirmed by experiment [3] . Quantitative understanding of the experimental data for both hadronic and radiative decays requires a precise knowledge of the widths of the isospin violating transitions
In the description of these transitions based on the mechanism of η − π 0 mixing [8, 9] 
Shortly after, analysing the
To classify D sJ (2860) and D sJ (2710), one can analyse the strong decays, comparing the predictions which follow from different quantum number assignments. This can be done using an effective Lagrangian approach which exploits the symmetries that Quantum Chromodynamics (QCD) exhibits in specific limits. One is chiral SU (N f ) L × SU (N f ) R symmetry holding in the limit of N f massless quarks. This symmetry is spontaneously broken to SU (N f ) V and light pseudoscalar mesons are identified as Goldstone bosons acquiring mass when explicit symmetry breaking mass terms are considered. An effective theory, chiral perturbation theory, can be built as an expansion in the light quark masses and momenta [18] . The other one is the heavy quark spin-flavour symmetry for m Q → ∞.
Interactions of heavy mesons with light ones can be described by an effective Lagrangian displaying both heavy quark and chiral symmetry. The Lagrangian was first formulated in the case of light pseudoscalars [19] , and extended to include light vector mesons [20] .
In the heavy quark limit, the doublets defined in the previous Sections are described by effective fields: H a for s 
with the various operators annihilating mesons of fourvelocity v (conserved in strong interactions) and containing
At the leading order in the heavy quark mass and light meson momentum expansion the decays F → HM (F = H, S, T, X, X ′ and M a light pseudoscalar meson) can be described by the Lagrangian interaction terms (invariant under chiral and heavy-quark spinflavour transformations) [19, 20] :
where
. Λ χ is the chiral symmetry-breaking scale; we use Λ χ = 1 GeV. L S and L T describe transitions of positive parity heavy mesons with the emission of light pseudoscalar mesons in s− and d− wave, respectively, g, h and h ′ representing effective coupling constants. On the other hand, L X and L X ′ describe the transitions of higher mass mesons of negative parity with the emission of light pseudoscalar mesons in p− and f − wave with coupling constants k ′ , k 1 and k 2 . We only consider these terms: the light meson momenta involved in the D sJ (2860) decays are q K = 0.59 GeV for D * K final state and q K = 0.7 GeV for DK final state, so it is possible that other terms in the light-meson momentum expansion, involving other structures and couplings, should be taken into account in the interaction Lagrangian. At present these terms are unknown.
At the same order in the expansion in the light meson momentum, the structure of the Lagrangian terms for radial excitations of the H, S and T doublets does not change, since it is only dictated by the spin-flavour and chiral symmetries, but the coupling constants g, h and h ′ have to be substituted byg,h andh ′ . The advantage of this formulation is that meson transitions into final states obtained by SU (3) and heavy quark spin rotations can be related in a straightforward way.
Let us start with D sJ (2860). A new cs meson decaying to DK can be either the J P = 1 − state of the s 
As for D sJ (2710), two possibilities can be considered, since the spin is known:
• D sJ (2710) belongs to the s In [21] and [22] we investigated the decay modes of D sJ (2860) and D sJ (2710) according to the various possible assignments with the aim of discriminating among them. The results are collected in Table 3 , where we report the ratios
(with
obtained for various quantum number assignments to D sJ (2860) and D sJ (2710) on the basis of eqs. (5) and (6) . Also the decay to D * s η is allowed, but it is suppressed due to the limited phase space available. The ratios do not depend on the coupling constants, but only on the quantum numbers. We first discuss the entries in Table 3 which concern D sJ (2860).
The case s
− , J P = 1 − , n = 1 can be excluded since, using the relevant term in (6) and k ′ ≃ h ′ ≃ 0.45 ± 0.05 (as the h ′ was determined in [23] ), would give Γ(D sJ → DK) ≃ 1.5 GeV, a result incompatible with the measured width.
In the assignment s continuum events at mass around 2860 MeV, one should invoke some mechanism favoring the production of the 0 + n = 2 state and inhibiting the production of 1 + n = 2 state, a mechanism which discriminates the first radial excitation from the low lying state n = 1. Such a mechanism is difficult to imagine [24] .
Among the remaining possibilities, the assignment s
− , J P = 3 − , n = 1 seems the most likely one. In fact, in this case the small DK width is due to the suppression related to the kaon momentum factor: Γ(D sJ → DK) ∝ q * K occurs in f -wave. As an effect of 1/m Q corrections this decay can occur in pwave, so that D * s2 could be broader; therefore, it is not necessary to invoke a mechanism inhibiting the production of this state with respect to
is not expected to be produced in non leptonic B decays such as B → DD sJ (2860): the non leptonic amplitude in the factorization approximation vanishes since the vacuum matrix element of the weak V − A current with a spin three particle is zero. Therefore, the quantum number assignment can be confirmed by studies of D sJ production in B transitions. Actually, in the Dalitz plot analysis of
The conclusion is that D sJ (2860) is likely a J P = 3 
These values are similar to those obtained for analogous couplings appearing in the effective heavy quark chiral Lagrangians [11, 14] . The results forg and k ′ can provide information about the spin partner of D sJ (2710), i.e. the state belonging to the same s 
with J P = 2 − . In both cases, the decay modes to
s η, are permitted. In the heavy quark limit, these partners are degenerate. Using the obtained values forg and k ′ , we get:
and
so that in the two assignments the spin partners differ for their total width. Along the same lines, one can study the charmed mesons with the same quantum numbers as D sJ (2700), but with a different light quark flavour. These states are a charged charmed meson and a neutral one, denoted as D + J and D 0 J , respectively. They have not been observed yet, so that their masses are unknown. We assume such masses to be 2600 ± 50 MeV by the reasonable assumptioncriterion that D sJ (2700) is heavier by an amount of the size of the strange quark mass.
Allowed decay modes for D 
so that the cq partners have widths which are different in the case of the two assignments. The mesons are not very broad, hence it should be possible to observe them. We conclude this discussion mentioning that a new experimental analysis of DK and D * K final states has been performed by BaBar Collaboration [26] .
As it emerged above, the D * K mode plays an important role in this context. BaBar has observed both D sJ (2710) and D sJ (2860) decaying to DK and D * K final states, hence the states should have natural parity
. .. The assignment J P = 0 + for D sJ (2860) is excluded. More information comes from the measurement of the ratios [26] :
Comparing these data with the predictions in Table 3 , one concludes that The last remark concerns the BaBar observation of another cs broad structure, with [26] :
Studies of angular distributions for this state have not been attempted at present, due to the limited statistics. The theoretical analysis of this state will be reported elsewhere.
Symmetry breaking terms
Heavy quark symmetries, holding in the infinite heavy quark mass limit, are broken by terms which are suppressed by increasing powers of m −1 Q [28] . Mass degeneracy between the members of the meson doublets is broken by the terms:
where the constants λ H , λ S and λ T are related to the hyperfine mass splittings:
Other two effects related to spin symmetry-breaking terms concern the possibility that the members of the s ℓ = 3 2 + doublet can decay in S wave into the lowest lying heavy mesons and pseudoscalars, and that a mixing may be induced between the two 1 + states belonging to the two positive parity doublets with different s ℓ . The corresponding terms in the effective Lagrangian are:
Notice that L D1 describes both S and D wave decays. The mixing angle between the two 1 + states:
can be related to the coupling constant b 1 and to the mass splitting:
b 1 m Q and the mass parameters ∆ S and ∆ T which represent the mass splittings between positive and negative parity doublets. They can be expressed in terms of the spin-averaged masses:
The parameters in the various terms of the effective Lagrangian are universal and their determination is important in the definition of the effective theory and in the applications to the hadron phenomenology. Data recently collected on charmed and charmed-strange mesons, together with information on previously known positive parity charmed states, allow us to determine some of them. We identify D sJ (2317) and D sJ (2460) with the members of the J P s ℓ (0 + , 1 + ) 1/2 doublet and, using with the masses of the other charmed states reported in the PDG [3] , we obtain the values of λ H , λ S and λ T reported in Table 4 [23]. Table 4 : λ i parameters obtained using data in PDG [3] . The spin-averaged masses for the various doublets and the mass splittings ∆ S and ∆ T are also reported.
In the above determinations we have neglected the mixing angle between the two 1 + states D 1 and D ′ 1 . Considering, instead, the result θ c = −0.10±0.03±0.02±0.02 rad [29] and using ∆ T and ∆ S in Table 4 together with eq. (20) and m c = 1.35 GeV, we can compute the coupling b 1 in (17):
therefore compatible with zero. To determine the couplings h ′ and f in eqs. (6)- (16) we consider the widths of the two members of the cq s In the plane (h ′ , f ) four regions are allowed by data which, due to symmetry (h ′ , f ) → (−h ′ , −f ), reduce to the two inequivalent regions depicted in fig. 3 .
A further constraint is the Belle measurement of the helicity angle distribution in the decay D s1 (2536) → D * + K 0 S , with the determination of the ratio
Γ s,d being the s and d wave partial widths, respectively [30] : 0.277 ≤ R ≤ 0.955 (a measurement of the ratio R versus the phase difference between s and d was obtained by CLEO Collaboration for non-strange mesons [31] ). Although the range of R is wide, it allows to exclude the region B in fig.3 , leaving only the region A that can be represented as h ′ = 0.45 ± 0.05 f = 0.044 ± 0.044 GeV .
The coupling constant f is compatible with zero, hence the contribution of the lagrangian term (16) is small. Since also the coupling b 1 turns out to be small, the two 1 + states corresponding to the s 
Conclusions
Our knowledge of charm spectroscopy has greatly improved in recent years, but there are results which challenge our understanding of some aspects of Quantum Chromodynamics. The question whether the many newly observed states are conventional or exotic ones has been put forward in several cases, stimulating numerous investigations. We have discussed the most recently observed cs mesons, adopting a classification in terms of doublets provided in the heavy quark limit.
Our conclusion is represented by table 5, where we propose identification of the states discussed above. In the table, D sJ (2317) and D sJ (2460) are identified as the 
